Using a newly developed dissociation procedure, we isolated the specialized rhabdomeral membranes from Drosophila retinal photoreceptors. From these membranes, we have recorded spontaneous active currents in excised patch, voltage-clamp recordings. We observed rapid opening events that closely resembled those ascribed to one class of light-activated channels, TRP. All activity exhibited Ba 2ϩ permeability, little voltage dependence, and sensitivity to La 3ϩ block. Mutational analysis indicated that the spontaneous activity present in these membranes was TRP-dependent. Excised patches from wild-type rhabdomeral membranes exhibited a wide range of conductance amplitudes. In addition, large conductance events exhibited many conductance levels in the open state. Block of activity by La 3ϩ both developed and recovered in a stepwise manner. Our results indicate that TRP-dependent channels have a small unitary conductance and that many channels can be gated coordinately.
Using a newly developed dissociation procedure, we isolated the specialized rhabdomeral membranes from Drosophila retinal photoreceptors. From these membranes, we have recorded spontaneous active currents in excised patch, voltage-clamp recordings. We observed rapid opening events that closely resembled those ascribed to one class of light-activated channels, TRP. All activity exhibited Ba 2ϩ permeability, little voltage dependence, and sensitivity to La 3ϩ block. Mutational analysis indicated that the spontaneous activity present in these membranes was TRP-dependent. Excised patches from wild-type rhabdomeral membranes exhibited a wide range of conductance amplitudes. In addition, large conductance events exhibited many conductance levels in the open state. Block of activity by La 3ϩ both developed and recovered in a stepwise manner. Our results indicate that TRP-dependent channels have a small unitary conductance and that many channels can be gated coordinately.
Key words: Drosophila; TRP; phototransduction; channel; barium; rhabdomere Phototransduction in Drosophila retinal photoreceptor cells involves G-protein-mediated biochemical cascades initiated by the activation of the receptor rhodopsin by light and culminating in an electrical response generated by the opening of many TRP and TRP-related plasma membrane ion channels (for review, see Montell, 1999) . Many channels open in response to the activation of a single receptor protein, indicating that amplification of the signal occurs at some step within the biochemical cascades. Amplification and its modulation are essential features of signaling systems, but their underlying mechanisms are unknown in Drosophila phototransduction.
Recent studies indicate that there is little or no amplification within the first three enzymatic steps of the phototransduction pathway (Scott and Zuker, 1998) . One light-activated rhodopsin molecule activates a single heterotrimeric G-protein (DG q ), which in turn activates a single phospholipase C molecule (PLC). Activation of PLC is thought to lead to the gating of plasma membrane channels. Three channel polypeptides have been identified and implicated in Drosophila phototransduction, TRP, TRPL, and TRP-␥ (Phillips et al., 1992; Niemeyer et al., 1996; Reuss et al., 1997; Xu et al., 1997 Xu et al., , 2000 . However, the assembly of these subunits in vivo and the gating mechanisms of the channels are not well understood.
TRP or TRP-related channel proteins are found in a wide variety of organisms and tissue types (for review, see Putney, 1999; Harteneck et al., 2000) . They are generally thought to be storeoperated channels, important in Ca 2ϩ regulation and gated through a poorly understood mechanism linked to the depletion of internal Ca 2ϩ stores. Evidence from the heterologous expression of both the Drosophila TRP and TRPL proteins has suggested that the gating of these channels is likewise linked to internal store depletion (Vaca et al., 1994; Dong et al., 1995; Petersen et al., 1995; Yagodin et al., 1998) . Recent evidence, however, suggests that they may be gated directly by PLC-generated diacylglycerol (DAG) or by a metabolic byproduct of DAG (Chyb et al., 1999) .
Ideally, one would like to study these channels in cell-attached patches, in intact phototransducing cells, but the complicated cellular morphology has precluded this type of recording. To approach these channels directly, we have developed a novel preparation with which to isolate the rhabdomeral membranes, in which TRP-and TRPL-dependent channels are localized. Here we report the first patch-clamp recordings from TRP-dependent channels in their native membranes. We find that groups of channels open and close in a concerted manner. This coordinated gating may contribute to the generation of amplification within the phototransduction cascade.
MATERIALS AND METHODS
Solutions. Bath solution contained (in mM): 120 NMDG, 15 tetraethylammonium chloride, 10 N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid buffer, 25 L-proline, and 10 barium chloride (Sigma, St. L ouis, MO), pH 7.2. Pipette solution was identical to bath solution, except that the concentration of BaC l 2 was only 1 mM.
Membrane preparation. Corneal tissue from the eyes of five adult flies (red-or white-eyed Oregon R, mutants trp p343 ; trpl p302 , trp p343 , and trpl p302 , courtesy of Dr. Charles Zuker, University of C alifornia, San Diego CA; and trp C M , courtesy of Dr. William Pak, Purdue University, Lafayette, I N) was dissected into an ϳ50 l bubble of bath solution on a dissecting dish. This solution was transferred by pipette into a smallvolume Eppendorf tube containing ϳ0.5 ml of bath solution and a small amount of 0.1-mm-diameter zirconia-silicone beads (BioSpec Products, Bartlesville, OK). The tube was shaken for 20 sec at 2500 rpm using a Mini-Bead Beater (BioSpec Products) such that the beads sheared the plasma membrane and cytosol from the rhabdomeral membranes. The solution was transferred to the recording chamber by pipette, leaving the beads settled at the bottom of the tube. The cell fragments were allowed to settle to the bottom of the dish mounted to the microscope stage for several minutes before we began recording.
Recording. Recording pipettes were pulled from borosilicate glass using a laser puller (Sutter Instruments, Novato, CA). All recording electrodes had a tip resistance of 25-40 M⍀, measured in bath solution. Viewing and recording conditions were the same as those described previously (Bacigalupo et al., 1995) . Suitable rhabdomeral membranes exhibited a smooth surface and were free of attached plasma membrane fragments. Membranes were selected by eye and sampled using a patch recording pipette. Patches were excised by pulling the pipette away from the rhabdomeral fragment, which was stuck to the bottom of the recording chamber. All data were acquired in excised patch voltage-clamp recordings using Axopatch 200A patch clamp (Axon Instruments, Foster C ity, CA). Currents were filtered at 2 kHz (eight-pole Bessel filter), acquired digitally (Digi-Data 1200 interface; Axon Instruments), and stored on computer disk. Applications of La 3ϩ were made using a four-bore glass panpipe spritzer (50 -80 m) and a microperf usion system (Goodman and Art, 1996) .
Anal ysis. Offline analysis was performed using pC lamp 6.0 (Axon Instruments). Gaussian fits to all-points histograms were performed using Pstat (Axon Instruments) and either the Simplex least squares or the Marquardt method. Best fits were chosen by comparing the residuals for each. C alculations of open probability (P (open) ) were made with the assumption that opening events could be analyzed as unitary events. P (open) values were calculated using Fetchan and Pstat (Axon Instruments). Records were initially examined in Fetchan. Opening and closing events were counted using the half-maximal conductance of the smallest discernable event as the cutoff criteria. For records in which the events were very small, we altered the cutoff criteria to three-fourths maximal conductance of the smallest events, to reduce the possibility of counting closed state noise as open events. The results of these counts were analyzed in pStat to determine the mean open probability for each entire trace.
Electron microscopy. For transmission electron microscopic images, two preparations of 100 eyes each were dissected from adult Oregon red-eyed flies into bath solution. One preparation was left intact, whereas the second was subjected to dissociation by shaking. Dissociated cells were centrif uged at 13,000 ϫ g for 20 min at 4°C and fixed in 3% glutaraldehyde in 0.1 M phosphate buffer, pH 7.0, for 30 min. Samples were suspended in 2% agar in an Eppendorf tube, and post-fixation was done in 1% osmium tetroxide for 1 hr. Inclusion into Epon 812 was done by following a previously described technique (Suzuki et al., 1993) , and the samples were observed in a Z eiss (Thornwood, N Y) EM 109 transmission electron microscope at the University of Chile School of Medicine (Santiago, Chile).
Western blot anal ysis. Samples for Western blots were prepared by homogenizing the tissue collected from four dissected eyes and denaturing proteins by boiling for 1 min. Samples were run on SDS-polyacrylamide gels, transferred to nitrocellulose, and blotted according to standard techniques (Sambrook et al., 1989) , using anti-TRP antibodies generously provided by Drs. Craig Montell (Johns Hopkins University, Baltimore, MD) and Charles Zuker (University of C alifornia, San Diego, CA).
RESULTS
In Drosophila retinal photoreceptors, the light-activated channels reside in a specialized region of tightly packed microvilli known as the rhabdomere, which runs the length of each photoreceptor cell. All of the known enzymes involved in phototransduction are localized to this region. In the Drosophila retina, photoreceptor cells are bound together in an eight-cell bundle, called an ommatidium, with the rhabdomere of each cell oriented toward the center of the bundle (for review, see Ready, 1989 ; Fig. 1 A,C) . Thus, in an intact ommatidium normally used for whole-cell patch-clamp recording, the rhabdomeres are inaccessible to the recording pipette.
To study the light-activated channels directly, we developed an isolation procedure that exposes the rhabdomeral membranes in which they reside. Using a mechanical dissociation technique, we stripped away the exposed plasma membrane from the ommatidia, leaving the rhabdomeral membranes exposed (Fig. 1 B,D) . We examined membrane fragments using light microscopy and selected rhabdomeres with smooth membrane surfaces without apparent plasma membrane for patch recording.
We used a simplified recording solution to maximize the likelihood of observing light-activated channels. This solution substituted Ba 2ϩ for Ca 2ϩ as the only permeable cation. Ca 2ϩ has been shown to have modulatory effects on transduction (Hardie and Minke, 1994b, 1995; Hardie, 1995; Scott et al., 1997) and commonly affects the open probabilities of some cation-permeable channels (Yue et al., 1990; Marunaka et al., 1992) . Barium, in contrast, permeates light-dependent channels , but it does not seem to mediate secondary modulatory effects. Monovalent cations were replaced with nonpermeant NMDG (Hardie and Minke, 1992) .
More than 95% of the patches from wild-type membranes exhibited spontaneous channel activity within 1-2 min of excision, if the patch was held at voltages between Ϫ70 and Ϫ100 or ϩ70 and ϩ100 mV. The majority of the excised patches from wild-type membranes exhibited large-conductance, burst-like behavior, often quickly followed by a dramatic decrease in seal resistance. We have not included data from these patches in the analysis presented here. Some patches (n ϭ 12), however, made a transition from this erratic kinetic behavior to more stereotypical single-channel behavior and maintained a high seal resistance (8 -20 G⍀). Data from these patch recordings will be discussed in this paper.
We recorded a wide distribution of spontaneously active conductances in excised patches from wild-type rhabdomeral membranes (Fig. 2 A) . All of the conductances that we recorded, regardless of size, were permeable to barium, exhibited little or no voltage dependence, and were sensitive to block by La 3ϩ , reminiscent of TRP-dependent light-sensitive channels observed in whole-cell recordings (Hardie and Mojet, 1995) .
We observed no sustained spontaneous activity in patches excised from the double null mutant trp p343 ; trpl p302 (n ϭ 14) or the single null mutant trp p343 (n ϭ 6). Neither did we observe the high-frequency burst-like behavior observed initially in wild-type patches. In some patches (n ϭ 5 of 14, trp p343 ; trpl p302 ) we did see channel-like events. However, in every case, the duration of this activity was extremely brief, generally a single burst lasting between 5 and 15 sec within 10 -15 min of recording time and containing only a few events. The patches otherwise remained silent. The few channel-like events we observed in this mutant always occurred at a single holding potential and totaled less than a dozen events, making it difficult to determine single-channel characteristics. This contrasts sharply with wild-type patches in which we observed prolonged (10 -40 min) spontaneous activity in ϳ95% of patches.
We also examined patches from the hypomorphic allele trp C M , in which a small amount of TRP protein is present (as identified by Western blot analysis; data not shown). In patches from this mutant we did observe channel activity but found a distribution of much smaller conductance values (Fig. 2 B) .
For comparison, we normalized all of the data from all holding voltages by converting current to conductance and generated allpoints conductance histograms for both wild-type and trp C M data. ( Fig. 2C,D) . This allowed us to examine the relative frequency of occurrence of each conductance size. The trp C M histogram shows primarily small conductance values compared with those of wild type, presumably reflecting the residual TRP channels expressed by this allele.
The lack of channel activity in the trp null mutant and the smaller conductance events observed in the trp hypomorph compared with those observed in wild-type patches suggested that the activity we observed in our patches is TRP-dependent. The prevalence of much smaller conductance values observed in the trp C M allele further suggests that the unitary conductance of individual TRP channels is small.
A key feature of the activity observed in wild-type patches is the frequent appearance of multiple conductance levels while the channel is open (Fig. 3) . If, as our data suggest, all of the activity we observed is TRP-dependent and the unitary conductance of these channels is small, the large conductance events in wild-type patches must be composed of small unitary conductance, TRP-dependent channels.
To examine this possibility, we tested the hypothesis that pharmacological inhibition of wild-type channel activity would reduce the number of active channels and reveal smaller-amplitude events, which would be expected if many channels contribute to each large event. One micromolar La 3ϩ quickly and completely blocked all activity, and this block was at least partially reversible (Fig. 4 A) . The block developed in a stepwise manner (Fig. 4 B) . The recovery of the activity occurred in similar stepwise opening events that initially flickered open and closed and then remained open (Fig.  4C,D) . These steps occurred primarily sequentially and were not Figure 2 . A, Ten individual events selected from 10 different excised patches from wild-type isolated rhabdomeral membranes, plotted in descending order of conductance size. Open state level is upward in each case. Ba 2ϩ in the bath was 10 mM; Ba 2ϩ in the pipette was 1 mM. Conductance values were calculated as g ϭ [I/(V hold Ϫ E rev )], where g is conductance in picosiemens, I is measured current amplitude, and E rev is the reversal potential for each patch, as determined for each individual patch by the slope of the current plotted for multiple holding voltages. All conductances were permeable to barium as determined by the reversal potential of the activity (E rev ϭ 24 Ϯ 6 mV; n ϭ 12). The calculated equilibrium potential for Ba 2ϩ , the only permeate ion in our solutions, was ϩ29 mV. B, Eight individual conductance events selected from eight different excised patches taken from trp CM isolated rhabdomeral membranes, plotted in descending order of conductance size. C, D, All-points conductance histograms show marked differences in the distribution of conductances observed among all wild-type ( C) and trp CM ( D) excised patches. Conductance values were determined separately for each patch by dividing the measured current by the driving force. All data from each patch were binned cumulatively, and the resultant histograms were normalized to the zero peak (the largest peak in each histogram) to highlight the relative contribution of each subsequent open state. Wild type, n ϭ 12; trp CM , n ϭ 8. Histogram A was generated from a larger sample of data than that represented in data panel A (top). Histograms B-F were generated using only the same-letter data samples. When the data samples include only a single large opening event, the all-points current histograms show distinct variability in amplitudes of opening events (histograms B-F ).
uniform in amplitude, nor did they correspond to the amplitude of the steps observed in the initial block. After several such stepwise events, the now large current closed nearly to zero in a single fast transition (Fig. 4 E) . A large conductance event dominated the record thereafter (Fig. 4 A,E, latter part of trace). These results indicate that large events are not unitary channel openings but are made up of smaller conductance channels. The rapidity of transitions exhibited by the conductance in the latter part of Figure 4 A suggests that the smaller channels open and close in a coordinated manner.
When we examined the action 10 M La 3ϩ , which blocks activity much more slowly than 1 mM La 3ϩ , we found a similar phenomenon (Fig. 5) . Ten micromolar La 3ϩ decreased the amplitudes of the conductance events without significantly changing their calculated P (open) values (Fig. 5A,B) . After initiating the wash-off of La 3ϩ , we recorded conductance events of smaller amplitudes than those of the preblock events. Nevertheless, P (open) recovered almost completely. This suggests that La 3ϩ block did not occur through the obstruction of a single pore, but instead it may block many individual channels that underlie the large conductance.
DISCUSSION
The spontaneous activity recorded from excised wild-type patches exhibited strikingly similar single-channel characteristics, despite the range of amplitudes observed from patch to patch. All were permeable to the divalent cation Ba 2ϩ , were sensitive to La 3ϩ block, and exhibited little or no voltage dependence. The lack of activity in rhabdomeral membranes from both trp null alleles and trp Ϫ ; trpl Ϫ double null alleles and the reduced activity observed in the trp C M hypomorph suggest that the spontaneous activity we observe in wild-type and trp C M rhabdomeres is composed of TRPdependent channels. Taken together, these data indicate that the spontaneous activity we observed in excised patches from isolated rhabdomeral membranes was dependent on the presence of the TRP protein.
Furthermore, these data suggest that little if any spontaneous TRPL-dependent current was present in these patches under our recording conditions. Excised patch recordings from the null mutant trpl p302 were nearly indistinguishable from those from wild type (data not shown). It may be that TRPL-dependent channels are present in these membranes but simply do not activate spontaneously. Alternatively, these data do not address the question of whether TRPL polypeptides can be components of TRPdependent channels through heterologous assembly.
The spontaneous activity we observed in these patches is similar to a phenomenon that develops in intact, functioning photoreceptor cells under whole-cell recording conditions (Hardie and Minke, 1994a) . The rundown current (RDC) is a sustained inward current that develops minutes after the whole-cell configuration is achieved and is accompanied by a dramatic loss in light sensitivity. Although its origin is not understood, the RDC is generally thought to be caused by the dissociation of the light-activated TRP-dependent channels from the rest of the phototransduction machinery, because it does not occur in trp Ϫ flies (Hardie and Minke, 1994a) . Spontaneous activation of TRP channels from human has been observed in heterologous expression systems (Yamada et al., 2000) .
The preponderance of small amplitude events observed in the hypomorphic trp C M allele suggests that the unitary conductance of individual channels is small (Fig. 2) . We conclude that the large conductance events (as large as 144 pS) arise from the coordinated gating of many of these small conductance channels. There are two lines of evidence to support this idea. First, large conductance events consistently exhibit many open-state conductance transitions that are quite variable in amplitude (Fig. 3) . Second, the amplitudes of large conductance events can be broken down into smaller events pharmacologically.
Determining the number of channels that open coordinately in an event requires an estimate of the single-channel conductance. Although they are rare, we have observed clear individual events of 4 pS as transitions from the closed state. Transitions of 8 pS can frequently be discerned within the open state, which contains higher-frequency noise than that of the closed state. If the unitary channel conductance is 4 pS, this would mean that 144 pS, approximately the largest wild-type conductance we measure, would correspond to 36 channels opening coordinately. This is close to the number of channels estimated to be open at the peak of a quantum bump, a single photon response (Henderson et al., 2000) . Wildtype flies exhibit average bump peak amplitudes of ϳ12 pA when voltage-clamped to Ϫ80 mV (Cook et al., 2000) . Assuming the reversal potential for each patch (E rev ) ϭ 9 mV , this translates to ϳ35 channels of 4 pS unitary conductance open at the quantum bump peak. Thus, it is possible that coordinated gating of TRP-dependent channels contributes to quantum bump formation.
In Figure 4 , during the washout of La 3ϩ , small unitary events initially appeared sequentially and then began to gate in a concerted manner. The transitions at the end of this trace are larger than any previous individual opening event (Fig. 4 A,E, latter part of trace). These large transitions exhibit several conductance amplitudes, suggesting that coordination does not require a fixed number of elementary components. This is also the case in Figure 5 . Both in the presence of a lower concentration of La 3ϩ (10 M) and after wash, the amplitudes of the current were distinct from those before block by La 3ϩ . Coordinated gating may provide a mechanism for the generation or regulation of gain that appears to occur late in the phototransduction cascade. The idea that a variable number of TRPdependent channels can be gated together to form a single unitary event provides an interesting model for regulating gain. Although the underlying gating mechanisms of these channels remains unclear, the TRP protein has been shown to be part of a supramolecular signaling assembly in the rhabdomeral membrane (Huber et al., 1996 ; Shieh and Zhu, 1996; Chevesich et al., 1997; Tsunoda et al., 1997). These assemblies might play a role in coordinated gating and possibly induce amplification and its regulation.
Finally, although many single-channel characteristics of TRP and TRPL channels appear to depend heavily on the environment in which they are placed, coordinated gating may explain at least one puzzling phenomenon. Coordinated gating may underlie the large range of unitary conductance values reported for the lightactivated conductance (10 -20 pS), the light-activated conductance in the absence of TRPL (4 pS), the RDC (1.5-4.5 pS), and TRP channels expressed in heterologous expression systems (Vaca et al., 1994; Hardie and Minke, 1994a; Hardie and Mojet, 1995; Reuss et al., 1997) . Although isolation procedure and recording conditions certainly do not provide an environment in which the channels normally find themselves, our approach nevertheless opens new technological means by which to gain a more complete understanding of channel function. Figure 5 . La 3ϩ reversibly blocked channel activity. We found that 1 mM La 3ϩ blocked all conductances completely within seconds. Block by micromolar concentrations of La 3ϩ was much slower. A, Current activity is shown before the application of the blocker. The all-points current histogram (right) was generated from the sample data (left). The P (open) shown in the top right corner of the histogram plot is the average P (open) calculated from the data shown on the left. Calculations of P (open) were made as described in Materials and Methods. B, Example of the activity seen during the application of 10 M LaCl 3 . The application of LaCl 3 occurred at the beginning of the trace and continued through the entire trace. C, Data are shown for a patch exposed to 1 mM LaCl 3 , after which activity was almost completely blocked. D, Activity that began to recover several seconds after we removed LaCl 3 . V hold ϭ Ϫ20 mV.
